Summary. Bovine 
Introduction
During follicular development, granulosa cells produce the complex carbohydrates, glycosamino¬ glycans (GAGs), as constituents of proteoglycans. These proteoglycans are secreted into the folli¬ cular fluid , and may become incorporated into the extracellular matrix as in other tissue types (Lindahl & Hook, 1978; Hook et al, 1984) . The production of GAGs by granulosa cells is under hormonal control (for review, see Ax et al, 1985; & Bellin, 1988) . GAGs stimulate the appearance of gonadotrophin receptors on granulosa cells cultured in vitro (Nimrod & Lindner, 1980; Campbell & Valiquett, 1982) . Conversely, follicular GAGs inhibit gonadotrophin binding to cell surface receptors (Amsterdam et al, 1979; Nimrod & Lindner, 1980) possibly by steric 'Reprint requests to: Dr R. L. Ax. hindrance (Hook et al, 1984) . They inhibit progesterone secretion (Campbell & Valiquett, 1982; Bellin et al., 1987a;  Ledwitz-Rigby et al, 1987) , and may inhibit steroidogenesis indirectly by altering the uptake and degradation of lipoproteins (Bellin et al, 1987a) .
The two predominant GAGs present in bovine follicular fluid are dermatan sulphate and heparan sulphate (Bellin & Ax, 1987 (Ax et al, 1984; Bushmeyer et al, 1985) . Using crude membrane preparations from bovine granulosa cells, Bushmeyer et al (1985) demonstrated that [3H] heparin binding was specific, saturable, reversible, and dependent on the pH and ionic composition of the medium. Other factors which influence GAG binding to granulosa cells include the maturation state of the follicle from which the cells are obtained (Ax et al, 1984; Bushmeyer et al, 1985; Bellin et al, 1987b) , and the presence of GAGs already attached to the cell surface (Ax et al, 1986) . The degree of sulphation of the GAG has also been shown to affect binding to mouse tumour cells (Winterbourne & Mora, 1981) and granulosa cells (Bellin et al, 1987b) .
If soluble proteoglycans/GAGs in the follicular fluid or GAGs in the extracellular matrix are to modulate granulosa cell function directly, they must interact with the cell surface (for review, see Hook et al, 1984) . These studies describe a method for obtaining a purified preparation of plasma membranes from bovine granulosa cells. After confirming the purity of the membrane fraction, studies were performed to ensure that the characteristics of heparin binding to the purified membranes had not been altered by the procedure. Specific heparin-binding proteins in the membranes were then identified by their ability to bind radiolabelled heparin.
Materials and Methods

Granulosa cell membrane isolation
Ovaries were obtained within 30 min of slaughter of cows (Packerland, Green Bay, WI, USA) and follicular fluid was vacuum aspirated from small ( < 5 mm diam.) follicles. Granulosa cells were collected from 50 ml follicular fluid by centrifugation at 1750 g for 15 min and resuspended in isolation buffer (40 mM-Tris, 150 mM-NaCl, 2 mM-ethylene diamine tetraacetic acid (EDTA), 10 mM-benzamidine, 2 pM-phenyl methyl sulphonyl fluoride, 2 pM-pepstatin A and 0-01% sodium azide, pH 7-35). Granulosa cells were separated from red blood cells by centrifugation through a Percoli (Sigma Chemical Co., St Louis, MO, USA) cushion (isolation buffer:Percoli, 2:1, v/v) at 1750 g for 15 min.
The layer of flocculent material on top of the cushion was aspirated, diluted with 20 ml isolation buffer and washed by centrifugation at 1750 g for 15 min. The resulting pellet was resuspended in 1 ml isolation buffer and stored frozen in liquid nitrogen until use. Typically, this procedure yielded 25 ± 3-7 mg granulosa cell protein per preparation (n = 12). Thawed cells were diluted to 5 ml with isolation buffer and subjected to nitrogen cavitation in a Parr Cell Disruption Bomb (Parr Instrument Co., Moline, IL, USA) for 5min (equilibration time) at 600 psi (4140 kPa). Cellular debris was washed from the suspension of cavitated cells by centrifugation at 1000 g, 10 min. The supernatant fluid was decanted and the pellet washed twice by resuspension in 2 ml isolation buffer and centrifugation at 1000 g for 10 min. The supernatant fractions were pooled, adjusted to 12-5 ml with isolation buffer and mixed with 6-8 ml Percoli and 0-7 ml l-5M-NaCl. The suspension was centrifuged for 30 min at 60 000gave in a Beckman 60Ti rotor. The bands resolved by the self-generating Percoli gradient were aspirated, diluted to approximately 20 ml with isolation buffer and washed from the Percoli by centrifugation at 150 000gave for 1 h. The resulting pellets were used for all morphological and biochemical studies.
Electron microscopy
Samples for electron microscopy were fixed as pellets with 4% glutaraldehyde in 01 M-cacodylate buffer, postfixed in 1% osmium tetraoxide, dehydrated with a graded series of ethanols, treated with propylene oxide and embedded in Eponate 812 (Ted Pella, Inc., Tustin, CA, USA). Thin sections were stained with uranyl acetate and lead citrate and viewed with an Hitachi H-600 electron microscope at 75 kV.
Enzyme assays
The distribution and recoveries of various cell membrane fractions were determined during the purification procedure by assaying for glucose 6-phosphatase, 5'-nucleotidase and succinate-cytochrome c reductase activities as organelle-specific marker enzymes for microsomal, plasma, and mitochondrial membranes, respectively. Glucose 6-phosphatase and 5'-nucleotidase assays were performed using the reagents of Aronson & Touster (1974) . The incubations were terminated by the addition of 2-5% sodium dodecyl sulphate (SDS). Enzyme activities were deter¬ mined by measuring the amount of inorganic phosphate produced by hydrolysis of glucose 6-phosphate or adenosine monophosphate during a 20-min incubation. Basal amounts of phosphate present in each sample were determined by addition of SDS to the assay medium before addition of the sample. Inorganic phosphate was determined in each sample by a non-automated spectrophotometric procedure using the reagents of Hegyvary et al (1979) . Succinatecytochrome c reductase was assayed by the method of King (1967) (Winer, 1987) .
As a prelude to the identification of specific heparin-binding moieties, the efficacy of heparin binding to plasma membranes was tested under various physical conditions. The ability of increasing ionic strength to displace bound heparin was examined by incubating isolated membranes with [3H]heparin and washing as described above, then re-incubating for 2 h in the presence of 0 to 1 M-NaCl. After incubation the samples were filtered, washed, and counted as above. 
Electrophoresis and autoradiography
Samples were solubilized in electrophoresis sample buffer under non-reducing conditions. Then 10 pg (for silver-stained gels) or 40 µg (for electrophoretic transfers) of membrane protein were subjected to one-dimensional sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE; Laemmli, 1970) . Proteins were visualized by silver staining (Wray et al, 1981) or transferred electrophoretically to nitrocellulose paper (Burnette, 1981) . The nitrocellulose sheets were incubated for 2 h with 2 pg 125I-labelled heparin/ml (sp. act. 0-224 mCi/mg) (Bolton & Hunter, 1973; Cardin et al, 1984) in labelling buffer (40mM-Tris, pH6-5) containing 005% Tween-20 to reduce non-specific adsorption of heparin to the nitrocellulose (Cardin et (Fig. 1) . The specific activity of the plasma membrane marker (Fig. 2) . The pH of the incubation medium also affected heparin binding to the membranes (Fig. 3) . Binding was enhanced at mildly acidic pH values with optimal binding (1-25 + 0086 pmol) occurring at pH 6-5. However, at pH values above 7-5, binding was reduced by half from that seen at physiological pH. The effects of elevated pH on heparin binding to the membranes was reversible. Membranes preincubated at pH90, washed, and subsequently re-incubated with radiolabelled heparin at pH70 bound heparin at near optimal levels (Fig. 3 ). Divalent cations also had an effect on the binding of heparin (Fig. 4) . Exogenous magnesium added in concentrations of 10-100 mM significantly reduced binding (to 0-72 ± 014 pmol, and 0-59 ± 01 pmol, respectively) from control levels (115 + 0-303pmol), as did lOOmM-calcium (reduced to 0-56 ± 003pmol). Addition of EDTA also decreased binding in a concentration dependent manner (reduced to 0-71 + 0-09 pmol and 0-44 + 0-02 pmol, at 10 and 100 mM-EDTA, respectively).
Pre-treatment of the membranes for 1 h with a variety of proteases effectively abolished heparin binding to the membranes (data not shown). The non-specific bacterial protease or the serine proteases chymotrypsin, trypsin, or plasmin reduced total binding to levels indistinguishable from background binding to the enzymes alone.
Detergent treatment of the membranes also had a marked effect (Fig. 5) . If the assay was performed in the presence of the non-ionic detergents (Fig. 5) .
Identification of heparin binding proteins
Membrane proteins were separated by SDS-PAGE and transferred to nitrocellulose. The blots were washed free of SDS and specific binding proteins were identified by their ability to label with 125I-labelled heparin. Autoradiography of non-reduced samples indicated 3 bands with molecular weights of Mr 14 000, 15 000 and 16 000 labelled most intensely with 125I-labelled heparin (Fig. 6,  lane 2) . These proteins labelled with 125I-labelled heparin despite the fact that insufficient quantities were present on nitrocellulose blots to visualize by Coomassie staining (data not shown). Binding was specific for these proteins, as several proteins of higher molecular weight identifiable on the silver-stained gels (Fig. 6, lane 1) remained unlabelled. Furthermore, radiolabelled heparin was completely displaced by incubation with a 500-fold excess of unlabelled heparin (Fig. 6, lane 3) .
Discussion
While it is well established that follicular GAGs can modulate granulosa cell physiology, the mechanisms by which these polysaccharides exert their effects remain unknown. Identification of specific binding moieties on the cell surface which are capable of interacting with extracellular proteoglycans/GAGs is a logical first step in examining the role of GAGs as an intrafollicular regulatory mechanism. These experiments provide a method for the rapid collection of an enriched preparation of plasma membranes from granulosa cells, describe some of the characteristics of heparin-binding domains, and identify specific heparin-binding proteins associated with those membranes.
Nitrogen cavitation and Percoli gradient centrifugation provide a number of significant advantages over previously reported techniques for obtaining plasma membranes from granulosa cells (Mintz et al, 1978) . Cavitation uniformly disrupts all the cells in the suspension, requires no enzymic treatment, and provides a more homogeneous population of vesicles with fewer contaminants from other regions of the cell. Finally, the preparation and centrifugation time for the Percoli gradients are significantly less than that required for sucrose gradients normally used for subcellular fractionation (Aronson & Touster, 1974) .
Electron microscopic examination of the top band of the Percoli gradient revealed a uniform suspension of membrane vesicles with no apparent contamination from intact intracellular organdies. The morphological observations were confirmed by the marker enzyme assays, which indicated a 4-fold enrichment of 5'-nucleotidase activity in that fraction. Eight times as much of the plasma membrane marker enzyme was recovered in the purified fractions compared to the microsomal or mitochondrial enzymes glucose 6-phosphatase or succinate-cytochrome c reductase (Table 1) .
Heparin is chemically similar to both heparan sulphate and dermatan sulphate, two GAGs known to be present in bovine follicular fluid (Bellin & Ax, 1987) . It therefore makes a convenient probe to examine GAG binding to isolated membranes. The current studies, using a more highly enriched and rigorously characterized preparation of plasma membranes, confirm the results of Bushmeyer et al (1985) , and indicate that the present isolation conditions had no significantly deleterious effects on binding.
Binding was reduced to half-maximal levels at isotonic concentrations of NaCl. This is consistent with reports that binding of heparin to membrane-associated domains can be disrupted by increased ionic strength (Lobb et al, 1986) . Furthermore, the gradual displacement of the radiolabel (as opposed to an all-or-none response) suggested that multiple binding domains with different affinities for heparin might be involved. It is also possible that the salt treatment alters or removes heparin-binding molecules which are loosely adsorbed to the membrane surface (Hook et al, 1984) .
Heparin binding is optimized at pH 6-5 and reduced at basic pH, suggesting that the net electrostatic charge of the membrane is a significant factor in GAG binding to the granulosa cell surface. The enhancement of binding after pretreatment at pH 90 may be due to solubilization of the membrane in the alkaline medium, exposing cryptic binding domains on specific proteins or allowing conformational changes to occur which enhance binding efficiency.
Since GAGs are highly polyanionic, divalent cations might affect heparin binding. Bushmeyer et al (1985) reported substantial increases in heparin binding to granulosa cell membranes in the presence of both exogenous calcium and magnesium. In contrast, in the present study, both magnesium and calcium reduced binding in a dose-dependent fashion. The discrepancy is probably due to the different methods used to obtain the membrane fraction in the two studies and resultant differences in the purity of the samples. While one might expect a decrease in the net negative charge of the heparin or the membrane surface to result in increased binding, such calcium-induced inhibition has been observed in other heparin-protein interactions (Speight & Griffith, 1983) . This is apparently due to interactions of the divalent cations with the negatively charged groups of the sulphated amino sugars, resulting in a conformational change which is unfavourable to binding (Boyd et al, 1980 (Beers, 1975 (Ax et al, 1984; Bushmeyer et al, 1985; Bellin et al, 1987b) . Such a mechanism might remove the heparin-induced inhibition of progesterone secretion (Campbell & Valiquett, 1982; Bellin et al, 1987a; Ledwitz-Rigby et al, 1987) . Heparin binding to the membranes was markedly altered by a variety of detergents and the effects of a given detergent depended on its ionic properties. The decrease of binding in SDS was probably caused by denaturation of the tertiary structure of the binding proteins. Non-ionic detergents (Nonidet P-40 and Triton X-100) probably caused exposed hydrophobic portions of the intramembranous proteins to aggregate, resulting in decreased binding. In contrast, the anionic steroid detergent cholic acid may have ionized non-polar amino acids from the hydrophobic region of the proteins, potentially increasing electrostatic interactions between the binding proteins and heparin. The zwitterionic cholic acid derivative CHAPS solubilizes membranes without causing ionization or allowing aggregation which might alter the biological activity of membrane-bound proteins (Hjelmeland, 1980 (Lobb et al, 1986) . Reduction of disulphide bonds with 5% 2-mercaptoethanol before electrophoresis had no effect on the apparent molecular weights or ability to bind heparin of such proteins (Winer & Ax, 1989) . The same three proteins were also present in membranes from granulosa cells of medium (5-10 mm diam.) and large (11-20 min diam.) follicles, but granulosa cell membranes from small follicles appeared to bind heparin much less intensely than did those from medium or large follicles (Winer & Ax, 1989) . In Chinese hamster ovary cells mitotic activity is inversely related to the amount of surface-associated heparan sulphate (Kraemer & Tobey, 1972) , and in bovine granulosa cells the highest rate of mitotic activity is found in granulosa cells from small follicles (Priedkalns et al, 1968 
